Cerium is among one of the most amazing elements across the periodic table, due to its complex phase diagram in which up to seven allotropic phases (γ, β, α, α , α , η and δ) could be realized in a modest pressure and temperature range [1] [2] [3] [4] [5] [6] [7] . And the most intriguing and mysterious part of the phase diagram of Ce is the γ-α phase transition which involves a huge volume change (up to 16.5%) [8] . Great efforts have been devoted to understand the underlying physical mechanism of this unusual phenomena, both from theoretical and experimental points of view. As for the theoretical explanation, historically, there were several versions: (1) the promotional model, in which it was believed that the f -electron of Ce turned from localized (core-level like) to itinerant (valence-like) upon the γ to α transition [9] [10] [11] . Therefor the electronic configuration changed from 4f 1 However, this argument was proved to be inconsistent with positron-annihilation experiments [12, 13] , Compton scattering [14] and inelastic neutron scattering [15, 16] , as almost no obviously change in the 4f occupancy was observed. (2) the Mott transition model [17] , in which there was no significant modification of the 4f occupancy across the transition.
The ratio of on-site Coulomb compulsion energy U and 4f band width W , i.e., U/W , was the key parameter for this model. It was believed that U and W could be deduced from photoemission (PES) and inverse photoemission (IPES) experiments, and the value of U/W underwent obvious change across the α to γ phase transition [17] . However, the determination of U and W was unambiguous and challenging. (3) the Kondo Volume Collapse (KVC) model [18, 19] , in which the Kondo hybridization (J ef f ) between the 4f -electron and the conducting (c) valence electrons was assumed to vary with volume between the γ and α phases. And the rapid (exponential) change in the Kondo energy (k B T K ) as a function of J ef f drove the volume collapse phenomena. It should be stressed that the key ingredient in the KVC model is the f -c hybridization, which means f -electrons become indirectly bonding due to the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction [20] [21] [22] [23] . Therefore, a direct and clear observation of the f -c hybridization effect is inevitable for the understanding of the γ to α phase transition of Ce metal.
Angle resolved photoemission spectroscopy (ARPES) has been proved to be a powerful tool for the direct characterization of electronic structures of materials. High quality single crystal with well-oriented crystalline surface is a necessity for ARPES experiments. As for Ce, it is quite challenging to meet the above criteria, due to its highly chemically reactive nature. Even though macroscopic scale (up to several millimeters) sized Ce single crystal had been successfully synthesized and characterized by neutron scattering techniques [24] [25] [26] , no high quality ARPES spectra on those samples were ever reported up to now. Dispersive band structures were only realized on Ce thin films grown on W(110) substrate [27] [28] [29] .
However, those works on photoemission demonstrated discrepancies on the 4f electronic structures due to their different interpretations of the crystal structure of Ce films grown on W(110). Information on the evolution of the bulk crystalline structure, especially the atomic stacking sequences perpendicular to the thin film surface, was not properly stated [27] [28] [29] [30] .
To make a one to one correspondence of 4f -electron properties and the crystalline structures of Ce metal, here in our work, we have synthesized high quality single crystal Ce thin films on graphene substrate grown on 6H-SiC(0001). By a combination of high-resolution STEM at room temperature and varied temperature X-ray diffraction (XRD) down to 15 K, we found that the as-grown Ce thin films surprisingly sustained the γ-phase from 300 K down to around 50 K, which is controversial to commonly accepted phase transition of Ce metal at ambient pressure. And the α-phase emerged in the thin film around 50 K, but the γ-α transformation did not completely finished even at 15 K, resulting in a mixture of α and γ-Ce. The in-situ ARPES experiments were taken at various temperatures, and a strong hybridization was observed for the γ-Ce at low temperature. Besides, theoretical calculations by combining the density functional theory and the dynamical mean-filed theory (DFT+DMFT) methods were carried out to simulate electronic structures of fcc-Ce upon cooling [31, 32] . The calculated spectral functions agreed well with the experimental ARPES spectra. What is more, we predicted the characteristic temperatures of Kondo singlet states formation and f -f indirect bonding, which represent the Kondo f -c hybridization effect and RKKY interaction, respectively [20] [21] [22] [23] .
RESULTS
Crystal structure characterization. The reflected high-energy electron diffraction (RHEED) pattern of the Graphene/6H-SiC substrate and the as-grown Ce thin film are shown in Fig. 1(a) . The incident electron beam was along the 1120 direction, i.e.,ΓK in 
Here, A 0 is the overall constant background due to the experimental noise, P 3 ( ) is a cubic polynomial that simulates the spectral contributions from valence bands, and Lorentzian lineshape L( , i , w i ) centers at i with a full width at half maximum (FWHM) of w i .
[ Fig. 4(a)-(c) show the ARPES spectra collected at 300 K, 80 K and 17 K, within an energy range from 600 meV below E F to 100 meV above E F . To have a better view of the fine structures near E F , the spectra were divided by the corresponding resolution-convoluted Fermi-Dirac distribution (RC-FDD) [42] , with an instrumental broadening of 25 meV, 14.5 meV and 10 meV, respectively. Obviously, the spectrum at 300 K has the largest momentum and energy broadening due to the thermal effect at high temperature. The two branches of α band dominate the spectral weight, with vanishing 4f 1 features, indicating a localized nature of the 4f electrons at 300 K. As the temperature dropped to 80 K, the spectral weight of 4f 
produces noticeable distortion of the α band near -250 meV. The photon energy that we used is quite surface sensitive, i.e., it could probe only a few atomic layers on the sample surface. The similarities in the ARPES spectra indicate that the sample surfaces possess the same phase structure at 80 K and 17 K. Taking the VT-XRD experiments in Fig. 2 into consideration, we could conclude that the γ-α phase transition undergoes beneath the sample surface, i.e., starting from the bulk layers of the sample. Nevertheless, this unexpected phenomena offers us the possibilities for exploring the evolution of the electronic structure of γ-Ce at low temperature, especially the localized to itinerant transition of 4f electrons in Ce.
Usually, in the Kondo scenario for Ce metals and compounds, the Kondo resonance (KR), an enhanced electron density of states (DOS), has a maximum above E F . And PES experiments have merely access to the tail the KR below E F . Surprisingly, the RC-FDD corrected ARPES spectra at 80 and 17 K revealed a weakly dispersed bands ≈ 24 meV below E F , sufficiently high in binding energy to be resolved within the instrumental resolution, as could be seen from the NE and AIPES spectra in Fig. 4(d) and (e). A similar spectral feature at about 21 meV below E F was also observed in the superconducting heavy Fermion compound CeCu 2 Si 2 [22] , which arises from the virtual transition from the excited crystal field (CF) splitting to the ground 4f 1 state and thus has a much lower spectral weight than the corresponding KR peak. Our spectra at 80 K and 17 K show no KR peak above E F .
What is more, the CF splitting in γ-Ce was estimated to be 5.8 meV by inelastic neutron scattering [43] , far less that 24 meV. Therefore, the spectral feature near 24 meV below E F is a pure demonstration of the ground state hybridized with valence states. To investigate the k-dependent f -c hybridization, we introduce the phenomenological periodic Anderson model (PAM), which gives the band dispersion describing the hybridization as [42] ,
Here 0 is 4f ground state energy, (k) is the valence band dispersion at high temperature, and V k is the renormalized hybridization strength. There is negligible 4f 1 spectral weight at 300 K in the NES and AIPES spectra. The unhybridized valence band (k) could be fitted by a hole-like parabolic band, and its shape was fixed for the fittings at low temperature.
As the temperature dropped to 80 K, the dispersions below E F could be fitted perfectly by On the one hand, from the XRD experiments, pure γ-phase exists above the phase transition critical temperature T γ−α ≈ 50K, while γ-phase and α-phase obviously coexist below the T c . However, on the other hand, the ARPES spectra above and below T γ−α are similar, which means there is just only one phase in the surface layers of the sample in the whole temperature region. Therefore, it can be deduced that below the phase transition critical temperature, the α-phase could emerge in the bulk first, while the γ-phase remained unchanged in the surface. Although the bare Coulomb interaction strength U and J are similar in the surface and bulk, their effective strength in the surface might be much larger than those in the bulk due to the weaker screening effect from the surface c-electrons. This means that the f -electrons in the surface are more localized than those in the bulk, which results in a smaller cohesive energy between the Ce atoms in the surface region. Therefore, the environment of the surface favors the survival of γ-phase. In other words, as the temperature decreases, the γ-α phase transition happens more easily in the bulk than in the surface.
DFT+DMFT calculations. From our theoretical calculations, the momentumresolved spectral functions along high symmetry path at 300 K, 80 K and 20 K for γ-Ce are shown in Fig. 5(a)-(c) . We could observe that the flat hybridization bands emerge at 80 K and become more evident at 20 K, which are not present at 300 K. For comparison, in Fig. 5(d) , we can clearly observe that the effective f -c hybridization is much stronger in the α-phase at relatively high temperature, i.e., 80 K, such as the flat hybridization bands near E F become more evident and the other low-energy excitation bands shift closer to E F .
Besides, there exist many other characteristic differences between the two phases, such as two much larger electronic Fermi surfaces appear at K-Γ and L-K path which did not form well at γ-phase even at 20 K. These agree well with previous theoretical calculation results based on the continuous-time quantum Monte Carlo impurity solver [29] .
The lifetime of quasi-particle could be indirectly reflected by the magnitude of the selfenergy's imaginary part,i.e., ImΣ(ω, T ). Therefore, certain crossover feature could be observed from the behavior of −ImΣ(ω, T ) varied with the frequency (ω) and temperature (T ) [44] . Since the low-energy excited heavy quasi-particle is mainly composed of the 4f - Moreover, the Kondo scenario is assumed to work through a positive feedback mechanism together with lattice contraction in the γ − α phase transition as temperature decreasing. Firstly, assuming the lattice constant a lat remains fixed, the strength of f -c electron hybridization V f c becomes more and more stronger as T decreases, which would enforce f -electrons beginning to bond indirectly at a critical temperature T RKKY . Secondly, the additional bonding would make the ions at different sites attractive, which means that both the energy bands of f -and c-electrons become wider and their hybridization becomes stronger.
Such these positive feedback processes would repeat again and again, which would induce a first-order isomorphic volume phase transformation at last. Besides, as observed in many previous experimental works [6, 7] , the phase transition temperature from α to γ is greater than that from γ to α, as much stronger thermal fluctuation is demanded to break the f -electron coherent bonding in α-Ce.
CONCLUSIONS
In our work, we have experimentally and theoretically investigated the physical mechanism of the γ-α phase transition in Cerium. We have synthesized high quality single crystalline Cerium thin films. ARPES spectra demonstrated the hybridization of f level with conduction bands and the formation of a Kondo dip upon cooling the sample from 300 K to low temperature. From DFT+DMFT calculations, we found a relatively high energy scale T K around 80 K, which acted as the precursor of low temperature coherence T RKKY .
Our ARPES results at low temperature indicated the absence of α-phase at the sample surface, while varied temperature XRD demonstrated the γ-α phase transition occurred around 50 K. This could be explained by the stronger f -c hybridization in the bulk than that at the surface. The calculated coherence temperature T RKKY agreed quite well with the phase transition temperature T γ−α from XRD. Overall, Our experimental and theoretical results supported the Kondo scenario in the γ-α phase transition in Cerium.
METHODS
Sample preparation. High quality Ce thin films were synthesized by molecular beam epitaxy (MBE). Ce source with 99.95% purity was used and was thoroughly degassed at 1660
• C before evaporation to the graphene substrate grown on 6H-SiC(0001). The graphene substrate was prepared following the recipe as described in Ref. 33 and 34, with some modification to optimize the quality of the as-grown graphene. N-doped 6H-SiC(0001) was first annealed in UHV at 600
• C for at least 3 hours to remove the absorbed gases or organic molecules. After annealing at ∼950
• C for 18 minutes under Si flux to produce a (3×3) reconstruction, the substrate was heated to ∼ 1400 • C for 10 minutes to form graphene.
The Ce source was kept at 1620
• C during the evaporation. The base pressure of our MBE system is better than 5.0 × 10 −11 mbar and rise to less than 2.0 × 10 −10 mbar during Ce evaporation. Even under this ultra high vacuum environment, special care should be taken to avoid the in-situ oxidation of the thin films by trace amount residual gases in the UHV chamber during the evaporation process. The Ce source must be degassed at 1660
• C for at least 4 hours before each deposition. The thermal radiation from the hot Ce source should be also taken into consideration, as it might heat up the substrate and result in the oxidization of the Ce films by the residual oxygen in the MBE growth chamber. During our MBE growth, the substrate temperature was kept at ∼ 80 • C. The flux rate of Ce was determined by Quartz crystal micro-balance (QCM) and was ∼ 0.127Å/S at 1620
ARPES experiments. For the photoemission spectroscopy experiment, the spectra were excited by the He Iα (21.2 eV) resonance line of a commercial Helium gas discharge lamp. The light was guided to the analysis chamber by a quartz capillary. In virtue of the efficient four-stage differential pumping system, the pressure in the analysis chamber was better than 1.0 × 10 −10 mbar during our experiments, satisfying the harsh criteria for probing the physical properties of chemically high reactive lanthanide/actinide elements. A VG Scienta R4000 energy analyzer was used to collect the photoelectrons. Theoretical calculations. To explore the properties of electronic structure and microscopy mechanism of the phase transition of Ce, we performed the theoretical calculations combining the density functional theory and the dynamical mean-filed theory method (DFT+DMFT) based on the eDMFT software package [31] . We used WIEN2k package based on the full-potential linearized augmented plane-wave (LAPW) method for the density function theory part [32, 35] . The lattice parameters were taken from our XRD experiments. Perdew-Burke-Ernzerhof generalized gradient approximation (GGA) was used for the exchange-correlation functional with 5000 k-point meshes for the whole Brillouin zone and as the Ce-ion is so heavy, the spin-orbital coupling (SOC) effect was considered. During all the calculations, we set the Muffin-tin radii to 2.50 a.u., R MT K MAX = 8.0 and G MAX = 14.0 . For the DMFT part, the one-crossing approximation (OCA) was used as the impurity solver as the DMFT method mapping the derived lattice model to a single-impurity model [31, 36, 37] . The Coulomb interaction U on the Ce f-orbital was set to 6.0 eV with Hund interaction J to 0.7 eV.
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